Working memory and attention are complex cognitive functions that are disrupted in several neuropsychiatric disorders. Mouse models of such human diseases are commonly subjected to maze-based tests that can neither distinguish between these cognitive functions nor isolate specific aspects of either function. Here, we have adapted a simple visual discrimination task, and by varying only the timing of events within the same task construct, we are able to measure independently the behavioral response to increasing attentional demand and increasing length of time that information must be maintained in working memory. We determined that mPFC lesions in mice impair attention but not working memory maintenance.
A deficit in working memory, the ability to actively maintain and manipulate information over short time intervals (Baddeley 1992) , is a core cognitive symptom of schizophrenia (Park and Holzman 1992; Barch and Smith 2008) and depression (Harvey et al. 2004; Rose and Ebmeier 2006) . Working memory is a complex construct that involves a number of discrete psychological processes, including the maintenance of information, flexible updating and manipulation, and sensitivity to interference, and it is strongly influenced by attentional processes (see the NIMH Research Domain Criteria working memory workshop proceedings [Research Domain Criteria Project 2010] and Awh and Jonides 2001) . Because the neural substrates for each of these discrete processes are likely to be different, each component must be precisely isolated at both the behavioral and neural levels of analysis in order to relate behavioral and biological processes.
Mouse molecular models involving genetic and virally mediated manipulations, including optogenetics, can provide powerful tools for identifying the cellular and molecular mechanisms that support cognitive functions such as working memory. However, the value of such cross-species translational research depends upon the existence of functional homology and the availability of accurate behavioral assays to isolate discrete cognitive processes in mice (see Ward et al. 2011 for discussion). Researchers have identified the medial prefrontal cortex (mPFC), consisting of the infralimbic, prelimbic, and anterior cingulate cortices, as the rodent brain structure homologous to the primate dorsal lateral PFC (DLPFC) due to the similarity of anatomical connections (Furster 1997; Ongur and Price 2000) .
Several rodent studies have shown that mPFC damage results in poor performance in working memory tasks (Brito and Brito 1990; Granon et al. 1994; Seamans et al. 1995; Ragozzino et al. 1998; Taylor et al. 2003) . The majority of these studies used maze-based tasks, such as delayed alternation or delayed match or nonmatch to sample paradigms. Such maze-based tasks do not isolate the individual cognitive processes that are involved in solving working memory tasks, such as acquisition of the task rules, maintenance of information over the delay, flexible updating, or resistance to interference, because the contribution of each of these processes is assayed together within the same trials. Moreover, poor performance in such tasks may result from disruption of processes outside of working memory, such as attention, motivation, associative learning, or differences in the tendency to perseverate. Consequently, altered performance in such maze-based tasks cannot be attributed conclusively to a disturbance in any specific cognitive function.
In an early maze-alternative approach to study working memory, lesion of the mPFC in rats was reported to impair performance on an operant delayed non-match to place (DNMTP) task (Aggleton et al. 1995) . However, performance was affected at all delay intervals tested, including the 0 delay condition. Therefore, poor performance was due to the disruption of a process or processes other than maintaining the information over the delay. Indeed, an increase in bias was observed in the mPFC-lesion group. Since this early study, a better understanding of the cognitive deficits produced in rats with lesions or with dopaminergic or cholinergic perturbations of the PFC has been achieved using other operant-based paradigms. This work has been comprehensively reviewed elsewhere (Dalley et al. 2004; Chudasama 2011) . One such operant-based paradigm, the combined attention and memory (CAM) task was designed to isolate attentional from memory processes in rats within individual trials (Chudasama and Robbins 2004) . Unfortunately, the training alone for this task takes up to 6 mo, making its use in mice problematic, as the animals may be subject to the effects of aging during testing, particularly if multiple conditions are to be tested within subjects.
One effective strategy to isolate working memory maintenance and attention would be to assay these discrete processes in procedures that are equivalent with respect to stimuli, motivation, required response, and overall task structure (see Ward et al. 2012a for discussion). Here, we describe such an approach using variants of a two-choice visual discrimination paradigm. By manipulating only the timing of events within the same procedure, we were able to assay sustained attention separately from working memory maintenance and have determined the impact of mPFC lesions in mice on each of these cognitive functions.
In this study, we performed lesion and sham surgeries in the mPFC (anterior cingulate, prelimbic, and infralimbic cortices) of adult mice before they began training on a visual discrimination task. Specifically, animals were anesthetized with ketamine/ xylene, and 1.0 mL of ibotenic acid (5 mg/mL in saline) was stereotactically delivered to +2.4 mm antero-posterior, + 0.4 mm medio-lateral, from bregma and 22.0 mm ventral from dura. Sham animals underwent the same surgical procedure, but saline was delivered instead of ibotenic acid. Behavioral training began after a 4-wk post-operative recovery period.
All training and testing sessions occurred once per day, 7 d per wk. Animals were first trained to consume evaporated milk from the liquid dipper, which was centrally located between two retractable levers in standard testing chambers (ENV307W, MedAssociates). The mice were then trained to press the lever to obtain rewards on a continuous reinforcement (CRF) schedule as described previously (Ward et al. 2012b ). Each CRF session ended after 60 rewards or 60 min, whichever occurred first. Subjects that had earned ,30 rewards on the third day of CRF training were given an overnight (14-h) session with no limit on earned rewards. Subjects with ,20 responses on the seventh day of CRF training were removed from the experiment (three lesion, one sham). Discrimination training then occurred in several phases. In all phases, each trial began with an intertrial interval (ITI) of unpredictable duration (mean ¼ 45 sec, range 2.74-148.13 sec). During single light-single lever training, subjects received trials where a cue light above a lever on either the left or right side of the chamber was illuminated for 10 sec; 1 sec after the cue's termination, the lever beneath the cued light was presented for 10 sec. Pressing the lever beneath the cued light resulted in dipper reward. The cue light/lever position alternated daily across a total of four sessions, until the mice reliably pressed the lever after each stimulus cue presentation. During choice training, a percentage of the trials were single light-single lever trials as described above, while the remaining percentage were choice trials. The position of the cue light (left or right) was randomly determined from trial to trial. During choice trials, both of the levers were inserted 1 sec after the cue's termination, and a response to the lever that had been cued at the beginning of the trial was rewarded. Incorrect responses resulted in a correction procedure, where the trial was repeated with the cue light in the same location until a correct response was made. Training consisted of three sessions with 50% choice:50% single lever-light trials, three sessions of 80% choice:20% single leverlight trials, and nine sessions of 100% choice trials, all with correction. This was followed by 12 sessions of 100% choice trials without correction. The entire training period lasted 6 wk, after which sustained attention was assessed in 100% choice sessions (without correction) with varying cue light durations, presented in decreasing order (10 sec, 5 sec, 2 sec, 1 sec, 0.5 sec, and 0.1 sec); each duration was tested for three sessions. Working memory maintenance was then assessed in 100% choice trials with a 5-sec cue duration with delay intervals of increasing duration (2 sec, 4 sec, 8 sec, 16 sec, 24 sec, 32 sec, and 40 sec) inserted between the cue offset and the lever presentation; each duration was tested for three sessions. All testing was completed in 6 wk. More detail of all training and testing is provided in Supplemental Material.
After completion of the behavioral study, mice were transcardially perfused with 4% PFA in PBS, their brains extracted, cryosectioned, thaw-mounted onto slides, stained with cresyl violet and examined microscopically. The minimum and maximum extent of the lesions on a series of coronal sections are depicted in Figure  1A . The lesions centered on the prelimbic cortex (PrL), extended ventrally to the infralimbic cortex (IL), and extended dorsally to include anterior portions of the cingulate cortex (Cg1 and Cg2). Mice with mPFC lesions acquired the visual discrimination task at the same rate as the sham-lesioned mice (Fig. 1B) . A repeated-measures ANOVA revealed a significant main effect of session on performance across all phases of training (F (26,312) ¼ 1.98, P ¼ 0.004) but no significant main effect of lesion (F (1,12) ¼ 0.65, P ¼ 0.87) and no significant interaction between sessions and lesion (F (26,312) ¼ 1.38, P ¼ 0.104). A repeated-measures ANOVA across sessions within each phase of training revealed that neither session, lesion, nor an interaction between session and lesion had a significant effect on performance; P values . 0.05 for each phase. An mPFC lesion, therefore, had no significant impact on the acquisition of the visual discrimination procedure, allowing us to use the procedure to specifically assay sustained attention and working memory maintenance.
To assess sustained attention in our cohort of mPFC-lesioned mice, we varied the duration of stimulus cue presentation in our visual discrimination task. Figure  2A shows that the mean percent of correct responses (averaged across three sessions) declined as cue duration decreased. A repeated-measures ANOVA revealed a significant main effect of both cue duration (F (5,60) ¼ 68.36, P , 0.0001) and lesion (F (1,12) ¼ 7.31, P ¼ 0.019) and no 
significant interaction between cue duration and lesion (F (5,60) ¼ 1.49, P ¼ 0.207). These data are consistent with previous reports that the rat mPFC is required for accurate performance in a test of sustained attention (Passetti et al. 2002) .
We analyzed several variables in the task to see if processes other than sustained attention were affected. We recorded latency to respond to determine if mPFC lesion affected general motor capacity. We assessed motivation by analyzing the latency to collect rewards, the number of earned rewards that were retrieved, and the number of trials in which the subject failed to respond. Mean response latencies increased as cue duration decreased but were not affected by lesion. There was a significant interaction between cue duration and lesion (Table 1) ; a Bonferroni post-test revealed no significant difference between sham and lesion response latency for any specific cue duration; all P's . 0.05. The mean latency to collect earned rewards decreased as cue duration decreased but was not affected by lesion. In this case, there was no significant interaction between cue duration and lesion (Table 1) . Consistent with the fact that mPFC lesion does not affect latency to collect rewards, there was no significant effect on the percentage of earned rewards that were retrieved (Table 1) . The number of trials in which the mice failed to make a response (% trials omitted) was not affected by lesion or cue duration, but a significant interaction between these variables was observed (Fig. 2B) . A Bonferroni post-test revealed no significant difference between the percentage of trials omitted by sham and lesion subjects for any specific cue duration; all P's . 0.05.
Previously, it has been reported that mPFC lesions in rats can increase perseverative behavior, specifically when the cue duration is very short (0.2 sec or less) (Passetti et al. 2002) ; therefore, we determined the percentage of total responses that were made on the lever that was reinforced on the previous trial. Figure 2C shows no significant difference in the percentage of perseverative responses made by lesion and sham mice across the sessions, although a trend was observed (Table 1) . To determine if the increase in errors made by the lesion group was a result of perseverative behavior, we determined the percentage of errors in which the mouse incorrectly responded on the lever that was reinforced in the previous trial. Again, there was no significant difference between the groups ( Fig. 2D ; Table 1 ).
To examine working memory maintenance, we used the 5-sec cue duration condition and imposed delays of various lengths between the offset of the cue and the presentation of the choice levers. This cue duration was chosen because it resulted in performance at a high enough level of accuracy that any detrimental effects of increasing delay duration could be observed. Figure 3A illustrates the mean percent of correct responses made by lesion and sham mice, averaged across three daily sessions, as a function of delay duration. A repeated-measures ANOVA revealed a significant effect of delay duration (F (6,72) ¼ 74.85, P , 0.0001) but no significant effect of lesion (F (1,72) ANOVA results are reported for the effect of mPFC lesion, the effect of cue duration or delay duration, and the relevant interactions. Significant results (P , 0.05) are highlighted in gray. Figure 2 . Lesion of the mouse mPFC impacts performance on a sustained attention task. mPFC lesion resulted in significantly lower accuracy (A) but did not impact the percentage of trials in which no response was made (errors of omission, B). The percentage of trials in which the mice responded on the previously reinforced lever (percent perseverative responses, C ) and the percentage of incorrect trials on which the mice responded on the previously reinforced lever (percent perseverative errors, D), averaged across three daily sessions for each cue duration, were not different between the groups. The x-axis in A -C is on a reverse log 10 scale to best visualize the range of cue durations tested. n ¼ 7 per group. 
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As with the attention task, we analyzed response latency, latency to collect rewards, rewards retrieved, omitted trials, perseverative responses, and perseverative errors. We found no effect of lesion on any of these behavioral measures (Table 1) . Previous studies suggest that rats may use mediating motor behaviors to rehearse response choice during delay intervals in matching or nonmatching to sample operant tasks similar to the one we present here (Herremans et al. 1996; Chudasama and Muir 1997) . However, there are no published data demonstrating that performance of any particular mediating motor behavior during delay intervals improves response accuracy in operant tasks. We observed three to four mice per condition throughout the experiment and did not observe any obvious stereotyped behavior.
In the present study, we held task requirements constant while assaying specific cognitive processes. Our adaptation of a simple visual discrimination task enabled us to test general learning ability and acquisition of the basic discrimination task (within 6 wk) and then test both sustained attention and working memory maintenance (within 6 wk), all while maintaining the same experimental design, with identical task rules, motivation, and response requirements. All that varied between the tasks was the duration of the cue presentation or the interval between cue and choice presentation. With this approach, we have determined the impact of mPFC lesions in mice on sustained attention and working memory maintenance. mPFC lesions in mice reduced accuracy on the version of the task designed to assay sustained attention, concordant with evidence that PFC lesions affect sustained attention in rats (Muir 1996; Chudasama and Muir 2001; Passetti et al. 2002) . In these studies, rats with mPFC lesions also showed an increase in perseverative responding. Similarly, we observed a trend for an increase in perseverative responding, though this did not reach significance. We observed no impact of mPFC lesion on the delayed choice version of the task. Because we tested the mice on the memory version of the task after the attention version, we cannot exclude the possibility that the animals experienced some functional recovery over the course of the experiment, leading to a false dissociation of attention and memory after PFC lesion. However, the ibotenic acid injections resulted in permanent neuronal loss, as evidenced by microscopic analysis of nissl-stained brain sections prepared after all behavioral testing was completed. It is not likely that the mice learned to compensate for the lesion because, after completing the attention task, subjects were tested again with the 5-sec cue duration, 1-sec delay condition, to retrain to stable discrimination performance. We did not see a difference in accuracy on this condition at the beginning of the experiment compared to the last day of retraining before starting the memory version of the task 3 wk later. Additionally, a dissociation between attention and mnemonic impairments has previously been shown in rats with dorsal PFC lesions using the lengthier CAM test (Chudasama et al. 2005) .
Our finding that mPFC lesions in mice do not disrupt working memory maintenance is consistent with the evidence showing that DLPFC damage in humans has no impact on the maintenance of information in working memory but rather impacts the ability to manipulate information in working memory (Muller et al. 2002; D'Esposito et al. 2006) . It is also consistent with the extensive fMRI literature demonstrating that activity in the DLPFC in humans is associated with the manipulation of information during working memory tasks but not the maintenance of information during delay intervals (Owen et al. 1996; D'Esposito et al. 1999 ; for review, see Wager and Smith 2003) . Such validation of shared functional anatomy is critical for the successful use of animal models in studying cognitive functions that are disrupted in human patient populations.
The behavioral assays used in our present study allowed us to dissociate two distinct, yet often coupled, cognitive processes: sustained attention and working memory maintenance. This technique of using a single-task construct with discrete manipulations to isolate specific behavioral processes can be extended to test many other cognitive functions. For example, discrete manipulations of a visual discrimination task could be used to assay the components of working memory not tested here, such as resistance to distraction or memory capacity. Such an approach provides greater possibilities for relating specific components of cognitive functions to their underlying biological processes. Attempts to model cognitive endophenotypes of psychiatric disorders would especially benefit from this methodology, as it would allow investigators to focus on the key specific cognitive functions that are disrupted in patients. Figure 3 . Lesion of the mouse mPFC does not impact performance on a working memory maintenance task. No significant difference was found between the lesioned and control subjects for percent correct responses (A), latency to respond on a lever (B), and latency to collect the milk reward (C ), averaged across three daily sessions for each delay duration tested. n ¼ 7 per group.
